lower b-Pb levels than in adults. The current threshold appears to be justified also from a nephrological point Background. Children have been considered a risk group for lead (Pb) toxicity, mainly because of neuro-of view, and children can indeed be considered a special risk group. physiological or neuro-cognitive deficits following Pb exposure. Blood Pb levels (b-Pb) of 100 mg/l currently
1
-microglobu-100 mg/l as a level of concern [9,13].
lin, b 2 -microglobulin and the brush border antigens CB7,
In adults, urinary markers related to the function or CG9 and HF5 were supplemented with 0.1 ml of 1 M phosintegrity of different nephron segments have been phate buffer, pH 7.6, with 0.2% NaN 3 per ml of urine. For proven to be useful for detecting effects of Pb. An the analysis of the eicosanoids 6-keto-prostaglandin F 1a altered excretion of markers such as a 1 -microglobulin, (6-keto-PGF 1a ), thromboxane B 2 (TXB 2 ) and prostaglandin E 2 (PGE 2 ) as well as leukotriene E 4 (LTE 4 ) 1 ml of lysine N-acetyl-b--glucosaminidase, tubular brush border acetylsalicylate (1% in H 2 O) was added per ml of urine.
antigens, fibronectin, thromboxane B 2 and 6-ketoFibronectin was quantified in samples containing the protease prostaglandin 1a has been observed [3] [4] [5] .
inhibitor PefablocB [4-(2-aminoethyl )-benzolsulfonylfluor-
The aims of the present study were: (i) to apply a ide hydrochloride, Merck, Darmstadt, Germany] in a final set of mainly urinary markers with a certain specificity concentration of 1 mM. Aliquots for the determination of for the function or integrity of the nephron segments a-glutathione-S-transferase (aGST ) and p-glutathione-Sto describe the effects of chronic low level Pb in transferase (pGST ) were supplemented with a buffer supplied children; (ii) to assess for children whether the by the manufacturer of the commercial test kits (Biotrin postulated threshold of 100 mg Pb/l blood appears to Nephkit a EIA and Biotrin Nephkit p EIA, Biotrin, Ireland). be justified on a nephrological basis that takes into Analyses of intestinal alkaline phosphatase (IAP) and epidermal growth factor (EGF ) were performed in urine aliaccount the state of the art of urine analysis; and (iii)
quots containing per ml of urine 50 ml of 1 M imidazole to assess whether children are a particularly vulnerable buffer (pH 7.0), with 2% Triton X-100, 20 mM benzamidine, risk group in terms of Pb-induced effects on the 2000 U/ml aprotinin, 1% NaN 3 . c-Glutamyltransferase kidney.
(cGT ), alanine aminopeptidase (AAP), N-acetyl-b--glucosaminidase (NAG total ), isoform B of NAG (NAG B), laminin, d-aminolaevulinic acid and creatinine (Cr) were determined
Subjects and methods
in untreated urines.
Study population Analytical methods
Subjects examined were children from three schools in the area of Katowice, Poland. Children living in the vicinity of Samples from both cohorts under study were examined lead-producing factories (n=62) were considered exposed. within the same runs of the analysis. Total protein in the Up to 39 of these children had been screened at least once urine samples was determined by the Coomassie blue binding for Pb in blood during a 3 year period prior to the study method [14] . Albumin, HMW and LMW were quantified by reported here. Children from the same province but without densitometry of bands stained with Coommassie blue followPb emission in their neighbourhood (n=50) were considered ing protein separation on a gradient SDS-PAGE [15] . controls. Table 1 summarizes the group characteristics. Software packages used were Gel-Image1.3B and Gel-Scan XL2.0B (Pharmacia, Uppsala, Sweden). Transferrin, b 2 -microglobulin, RBP and Clara cell protein were quantified
Collection of samples
with a latex immunoassay [16 ] . Immunoassays were applied for HF5, CB7 and CG9, IAP, EGF, fibronectin and laminin Spot urines (second of the morning) were collected between [17] [18] [19] [20] [21] . For the determination of eicosanoids and LTE 4 , a 8 and 11 a.m. in polypropylene containers (Sarstedt, radioimmunoasssay was applied to samples extracted with Nü mbrecht, Germany). The material for blood sampling was Sep-Pak C18 cartridges and high performance liquid chromacertified for trace metal determination (LH-Metallanalytik, tography [22] . The methods for determination of NAG total , MonovettenB, Sarstedt, Nü mbrecht, Germany). Aliquots of NAG B, cGT and AAP have been published elsewhere the urine samples, either native urine, supplemented with [23] [24] [25] [26] . aGST, pGST and a 1 -microglobulin were determined preserving solutions, or following gel filtration (Columns with commercially available test kits (Biotrin Nephkit a EIA PD10, SephadexB G25M, Pharmacia, Sweden), were frozen and p EIA, Biotrin, Ireland; synelisa, a 1 -microglobulin, at −20°C.
Pharmacia, Freiburg, Germany). Creatinine in urine and serum was quantified with a modified Jaffé reaction of haemoglobin (Hb). d-Aminolaevulinic acid was quantified with standard methods [27] .
Calculations and statistics
Excretion of urinary analytes was related to urinary creatinine to compensate for the influence of urine flow rate on excretion rates. Statistical analysis was performed with SPSS 6.1.3 (Chicago, IL). Variables with a skewed distribution ( Kolmogorov-Smirnov test) were compared with the Mann-Whitney U test. In the case of a normal distribution, the t-test was applied. The upper limit of normal was defined as the 95th percentile of the control group. Differences in the prevalence of values exceeding the upper limit of normal were compared with x2 statistics (Fisher's exact test). 
Results
haemoglobin metabolism (zinc protoporphyrin, daminolaevulinic acid) did not differ between the two Biomarkers of exposure groups studied. Table 2 summarizes the results on the biomarkers of exposure. The exposed children had significantly Parameters of kidney function determined in serum and higher b-Pb than the controls (133±62 mg Pb/l vs general markers of effect in urine 39±13 mg Pb/l ). Figure 1 depicts b-Pb levels of both Table 3 shows the parameters determined in serum. groups as a cumulative frequency and shows that
Only b 2 -microglobulin was elevated in the exposed 70% of the exposed children had levels above children. The prevalence of increased results (95th the level of concern defined by the CDC or the percentile of controls=3.05 mg/l ) was also slightly Umweltbundesamt. Forty-one exposed children had elevated (16 vs 4% among the controls, x2 test, been screened at least once during the period P<0.05).The parameters of effect determined in urine 1992-1994. Only one measurement for a single child (total protein, albumin, laminin, LTE 4 ) that were not had shown a blood level <100 mg Pb/l. Mean b-Pb related to a specific nephron segment did not show levels had remained stable during the whole period any differences between the two cohorts ( Table 4) . covered by the screenings (ANOVA, P>0.05). u-Pb was also elevated. u-Cd was slightly elevated when the excretion was related to g of creatinine. Indicators of Nephron segment-specific biomarkers
The following markers have a relative-though partly Table 2 . Markers of exposure in blood and urine at the time of not exclusive-specificity for certain anatomical strucsampling (1995) and blood lead levels of exposed children from tures of the nephron and have therefore been called 1992 aMann-Whitney U test; n.s., not significant; bn=49; cn=61.
(n=19), 100-200 mg Pb/l (n=36) and >200 mg Pb/l exceeding the upper reference limits of controls were elevated for a 1 -microglobulin (22.6%, P<0.01) and (n=7)], an increasing prevalence of abnormal values of 6-keto-PGF 1a was observed in the group with higher Clara cell protein (21%, P<0.01). The other serumderived low molecular weight proteins were not affecb-Pb. A corresponding dose-dependent increase could not be observed for TXB 2 (Figure 3 ). ted. b 2 -Microglobulin is unstable in acid urine [28] . Urinary pH, prior to addition of buffer, was 5.3±0.7 Transferrin was excreted in higher amounts by the exposed children ( Table 4, Figure 4 ), but no increased in the controls and 5.4±0.8 in the exposed children.
Gender-dependent differences in the excretion of Clara prevalence of abnormal values could be observed. There was a weak, though significant correlation with cell protein have been described [29] . There was a higher, though statistically not significant, percentage zinc protoporphyrin (r=0.26; P<0.01). Neither HMW nor fibronectin as glomerular marker appeared to of boys among the exposed children. However, no influence of gender could be shown with ANOVA and be affected.
Indicators of proximal tubular function. None of regression procedures.
Indicators of distal tubular function. Excretion of the the proximal tubular urinary enzymes determined (NAG total , NAG B, aGST, AAP, cGT, IAP) apart enzyme pGST was not affected. EGF excretion was significantly (P<0.001) elevated in exposed children from NAG B showed any differences between the two groups studied. NAG B was excreted in lower amounts ( Table 4, Figure 6 ). EGF correlated with b-Pb (r= 0.356, P<0.01), and 59% of the exposed children in the exposed children; no correlation with the parameters of exposure could be observed. CB7, CG9 and exceeded the 95th percentile of the controls for EGF (P<0.001). A high prevalence of values exceeding the HF5 showed no differences among the two groups studied. b 2 -Microglobulin and Clara cell protein were 95th percentile of the controls was found in children with b-Pb from 100 to 200 or >200 mg/l, 72 and 43% elevated in urine from exposed children ( Table 4 , Figure 5a and b), and both parameters correlated with respectively ( Figure 7) . 
Discussion
With the help of urinary biomarkers, the effects of chronic low level Pb exposure could be detected in children. Changes in glomerular and tubular markers (such as eicosanoids, transferrin, Clara cell protein and EGF ) were observed. Children showed effects at very low levels of b-Pb. The effects were similar to those previously described for workers with a higher exposure to Pb [3,5]. The observations do not lead to immediate therapeutic interventions, and the relevance of the sub-clinical changes remains a subject of speculation. However, in terms of prevention that attempts to minimize or avoid even subtle effects on kidney function, children can be considered a special risk group, and the current lowest adverse effect level of 100 mg Pb/l blood appears to be justified from a nephrological point of view.
Pb exposure
The exposed children had significant increases in their b-Pb over several years. They also had elevated u-Pb. Pb-induced changes of haemoglobin synthesis could phyrin in children at~250 mg Pb/l blood [30] .
b-Cd and u-Cd were modestly, but significantly elevated in the exposed children. b-Pb significantly and TXB 2 , the latter two being stable products of correlated (P<0.001) with b-Cd (r=0.309), u-Cd (r= prostacyclin and TXA 2 , were elevated. LTE 4 , a lipo-0.561) and u-Pb (r=0.768). Synergistic effects of Pb oxygenase metabolite of arachidonic acid, however, and Cd cannot be excluded.
was not affected. In the kidney, 6-keto-PGF 1a is synthesized mainly in glomeruli and PGE 2 mainly in Evaluation of kidney function with markers of effect in medullary collecting duct cells [31] . Excretion of serum and urine 6-keto-PGF 1a , TXB 2 and PGE 2 was 30-54% higher in the exposed children than in the controls. A higher Creatinine in serum and total protein were not affected, indicating once more that these parameters-import-prevalence of increased results as a function of b-Pb could also be observed ( Figure 3 ). ant in clinical routine-are not sensitive enough to reflect subtle changes in kidney function in environAmong the biological effects of eicosanoids are vasoconstriction and vasodilatation of afferent and mental medicine. Eicosanoids as urinary markers. As in previous studies efferent blood vessels, and contraction of smooth muscle cells and mesangial cells [32] [33] [34] . Due to their on Pb-exposed adults, eicosanoids as urinary markers showed an altered excretion [3, 5] . PGE 2 , 6-keto-PGF 1a short half-life ( TXA 2 , for example, is metabolized [37] . However, mean b-Pb in those children was 342 mg/l, almost three times higher than in the Polish children. The isoform NAG B has been considered to be more specific for the proximal tubule; in kidney disease there is an exponential increase in NAG B as part of NAG total
[38]. In workers, NAB B was elevated even following low cadmium exposure; no threshold for an increase could be defined [39] . In the Pb-exposed Polish children, NAG B was lower than in the controls ( Table 4) , but NAG B as a percentage of NAG total was about the same in both groups.
Monoclonal antibodies directed against antigens of the tubular brush border (CB7, CG9, HF5) have been proposed as markers of toxic damage to the kidney of children [40] , but did not show alterations in this study. In experimental studies on rats exposed to high doses of Pb, these markers were elevated, together with GST and NAG [41] .
Proteins as markers of glomerular and proximal tubu- a 1 -microglobulin in urine were either significantly elevated or showed a higher prevalence of values exceeding the upper reference limits of the controls (Table 4 , Figure 5b and c). b 2 -Microglobulin in serum was also elevated in the exposed children ( Table 3) . Possibly a selective induction of b 2 -microglobulin synthesis could explain its increase in Pb-exposed children without any changes in glomerular filtration rate. In this case, b 2 -microglobulin in urine would reflect synthetic activity rather than tubular function. In toxicological studies, Clara cell protein (synonym CC16 or protein 1) has been used mainly as a marker of damage to the respiratory tract. Secreted into the blood, Clara cell protein is handled by the kidney like other proteins of low molecular weight. Increases in urinary Clara cell protein concentrations and fractional excretion indicate an impairment of proximal tubular protein reabsorption. Clara cell protein has been considered a more sensitive marker of proximal tubular function than b 2 -
EGF
and a 1 -microglobulin and RBP in previous studies on Fig. 7 . Prevalence of values exceeding the upper limit of normal of cadmium-induced proteinuria and Chinese herb EGF (95th percentile of the controls of 51 mg/g creatinine) as a nephropathy [29] .
function of b-Pb at the time of urine collection. ***P<0.001, x2 test
The protein RBP and LMW as the total amount of (Fisher's exact test) vs group with Pb<100 mg/l.
proteins with a molecular weight less than that of albumin were not different between the two groups. That RBP was not affected is at variance with a study within 30s [34] ), eicosanoids can be considered to be active mainly at their site of secretion. Under physio-in Czech children [12] but in accordance with the aforementioned study in Romanian children [37] . logical conditions, extra-renal TXB 2 seems be excreted in urine in a modified form [34] . Under pathophysio-
The proteins fibronectin and laminin are structural logical conditions, such as hypertension, higher urinary levels of TXB 2 were found in urine [35] . An association Table 3 . Indicators of kidney function determined in serum of Pb exposure and blood pressure has been discussed [36 ] . Among the children examined, there were no Parameter Controls Exposed known cases of hypertension. showed any difference between the two groups studied.
A recently published study on Pb-exposed children in Romania showed that NAG total and AAP were affected **P<0.01, t-test.
